Background: While conventional G-banded karyotyping still remains a gold standard in prenatal genetic diagnoses, the widespread adoption of array Comparative Genomic Hybridization (array CGH) technology for postnatal genetic diagnoses has led to increasing interest in the use of this same technology for prenatal diagnosis. We have investigated the value of our own designed DNA chip as a prenatal diagnostic tool for detecting submicroscopic deletions/ duplications and chromosome aneuploidies.
Background
Speed and precision are two major requirements in prenatal chromosome analyses. Conventional G-banded karyotyping remains the gold standard in prenatal genetic diagnosis, but it is time-consuming and labor-intensive. Routinely, about 10-14 days is required to obtain the result and this may increase the patient's anxiety. To overcome these limitations, rapid fluorescent in situ hybridization (FISH), quantitative fluorescent polymerase chain reaction (QF-PCR), and multiplex ligation-dependent probe amplification (MLPA) have been developed and are widely used as adjuncts to conventional methods for detecting common chromosome aneuploidies such as trisomies 21, 13, 18, X and Y [1] [2] [3] [4] [5] [6] . However, only a few loci may be tested at a time, so all those methods can usually be performed only in a limited manner based on phenotype.
In addition, conventional G-banded karyotyping can hardly detect small deletions and duplications that result in serious clinical conditions such as congenital anomalies, mental retardation and developmental delay during the fetal stage as well as after birth. Recently, array comparative genomic hybridization (aCGH) has been used in prenatal as well as postnatal clinical cytogenetics to detect submicroscopic chromosomal imbalances [7] [8] [9] . This technique gives rapid results and multiplex detection of both numerical and unbalanced structural abnormalities with much higher resolution and wider coverage than conventional karyotyping and other molecular cyto-genetic techniques. Several types of platform with different resolutions for aCGH have been developed. More recently, genome-wide oligonucleotide aCGH chips with several-kb resolutions have become commercially available. However, for clinical purposes, especially prenatal diagnosis, these high-resolution whole-genome aCGH chips are not adequate because of difficulties of interpretation mainly resulting from benign copy number variations (CNVs), hybridization quality and cost. On the other hand, targeted bacterial artificial chromosome (BAC)-based aCGH methods have been successfully used in prenatal diagnosis [7, [10] [11] [12] .
In this study, we have developed and evaluated a low density BAC-array prenatal DNA chip targeted to 26 known genetic syndromes of medical significance, caused by 19 microdeletions/duplications as well as numerical changes in chromosomes 13, 18, 21, X and Y.
Methods

Subjects
To validate the array, because we could not obtain four microdeletion syndromes -Sotos syndrome, monosomy 1p36, SRY region of Yp and Kallmann syndrome -we used 132 reference materials of 22 genetic disorders, 15 for microdeletions or duplications and 7 for chromosome aneuploidies, as positive controls. The cell lines were purchased from the Coriell Cell Resource http://ccr.coriell.org/nigms/products/pdr.html.
For clinical application of the array, all protocols were reviewed and approved by the Internal Review Board of CHA General Hospital and written informed consent was received from all participants. In total, 94 clinical samples were admitted. Sample types and reasons for referral are summarized in Table 1 . During September 2007 through July 2008, amniocenteses were performed at the 15 th to 20 th weeks of gestation on 94 pregnant women who vis-ited CHA General Hospital, Korea. The mean age of the pregnant women was 34.4 years.
For all positive controls and clinical samples, experiments were performed blind to exclude biases. Cytogenetic analyses and aCGH were independently executed in two different laboratories.
Cytogenetic analysis
Amniocytes were grown in Chang Medium ® in situ (Irvine Scientific, Santa Ana, CA) and in Bio-AMF-2 complete medium (Biological Industries, Israel), with 5% CO 2 in a 37°C incubator. All procedures including in situ culture, harvesting, slide preparation and GTG-banding followed routine protocols [13] . For each sample, more than 20 metaphases were examined.
Manufacture of BAC-mediated array CGH, MacArray™ M-chip
The MacArray™ M-chip was developed to detect the 19 microdeletion syndromes as well as numerical aberrations (i.e. aneuploidies) in chromosomes 13, 18, 21, X and Y. A total of 181 BAC clones were prepared from our DNA BAC libraries (Macrogen, Korea) to design overlapping probes that detected consecutive and consistent alterations of the genome. All selected clones were twoend sequenced using an ABI PRISM 3700 DNA Analyzer (Applied Biosystems, USA), and their sequences were blasted and mapped according to their positions. The locus specificities of selected clones were confirmed individually by removing multiple locus-binding clones under standard FISH. Information about the 181 clones is shown in Additional file 1 table S1.
The probes were dissolved in 50% DMSO (400~500 ng/ μl density) at 21~23°C and under 40~60% humidity. We used Corning UltraGAPS (Corning, USA) for aminecoated slides, Genemachines OmniGrid 100 (Digilab Genomic Solutions, USA) for DNA spotting, and Tele- cam SMP4 (Arrayit Corporation, USA) for pin. We followed the general contact type spotter process. Each BAC clone was represented on the array as triplicate spots.
DNA preparation and labeling for MacArray™ M-chip
Genomic DNAs were extracted using a Gentra Puregen Cell kit (Qiagen Inc., German) from cell lines and clinical samples. The DNAs in 85 of the amniotic fluid samples were directly extracted, while DNAs in nine other cases were extracted after culture. DNA concentration and purity were measured by 1% agarose gel electrophoresis and a NanoDrop ND-100 Full-spectrum UV/Vis Spectrophotometer (Thermo Scientific, USA). Only samples with both 260/280 and 260/230 ratios >1.7 were used for the experiment. The labeling and hybridization protocols described by Pinkel et al. [14] were followed with some modifications, using a Bioprime labeling kit (Invitrogen Carlsberg, CA, USA 
Array hybridization, imaging and data analysis
The pellet was resuspended in 30 μl hybridization solution containing 50% formamide, 10% dextran sulfate, 2× SSC, 4% SDS and 200 μg yeast tRNA. The hybridization solution was denatured for 10 min at 72°C and subsequently incubated for 1 h at 37°C to block repetitive sequences. Hybridization was performed in slide chambers for 48 h at 37°C. After post-hybridization washes, the arrays were rinsed, spin-dried and scanned into two 16-bit TIFF image files using a GenePix 4200 a two-color fluorescence scanner (MDS, Toronto, Canada). To determine the intensity of each spot, the scanned images were analyzed with MacViewer™ M software (Macrogen, Inc., Korea). The log2-transformed fluorescence ratios were calculated from background-subtracted median intensity values. For each spot, we used 0.25 and -0.25 as thresholds of gain and loss, respectively.
Fluorescent in situ hybridization (FISH)
Fluorescent in situ hybridization (FISH) was used to verify the microdeletion of Yq11.23, which indicates nonobstructive spermatogenic failure, identified by the Mac-Array™ M-chip. FISH probes for the region were generated from the human BAC clones RP11-214M24, RP11-140H23, RP11-26B12 and RP11-539D10, purchased from Abbott Laboratories. Bacterial culture and DNA preparations were performed according to the supplier's protocol. Purified BAC clone DNA (1 μg) was labeled with spectrum-red dUTP using a Nick Translation Labeling Kit (Abbott Laboratories, IL). FISH was performed using a standard protocol.
Results
MacArray™ M-chip development
We designed a novel, low-density array CGH chip, the MACROGEN MacArray™ M-chip, to detect not only aneuploidies but also micro-level chromosomal aberrations sensitively (see Materials and Methods). (Table 3) . Three balanced rearrangements were identified in only conventional karyotyping. These balanced rearrangements were two cases of inv [9] , which was considered a normal variation, and one case of translocation, t [8, 11] . On the other hand, we identified a microdeletion of the Yq11.23 region harboring the DAZ gene by MacArray™ M-chip in eight cases, seven showing normal male karyo-type and one showing trisomy 13. All eight of these cases were confirmed by FISH ( Figure 2 ). We detected no other microdeletions in our series.
Discussion
We have developed a targeted low-density BAC-array DNA chip, the MacArray™ M-chip, as a adjunctive prenatal genetic test to conventional karyotyping for simultaneous prenatal screening of chromosomal abnormalities and microdeletion syndromes in South Korea.
The greatest benefit of aCGH is its ability to detect a very small genomic imbalance that cannot be detected by conventional G-banded karyotyping. It is also a highthroughput method, detecting hundreds or thousands of discrete loci in a single simultaneous assay, in contrast to FISH and QF-PCR, which have been used for aneuploidy screening because they give rapid results but only detect a few loci a time. A microarray DNA chip can be constructed using various-sized targets ranging from oligonucleotides (25-85 bp) to BACs (80-200 kb) [15] . Microarrays constructed using a high-resolution and whole-genome approach can identify very many polymorphisms with not only pathogenic deletions/duplications but also uncharacterized genomic imbalances. About two thirds of genomic imbalances detected by prenatal array CGH have been interpreted as probably benign and of no clinical significance [12] . In contrast to genome-wide aCGH chips, this targeted BAC aCGH chip contains clones only for regions with known clinical significance. While it had lower overall detection rates than genome-wide arrays, it greatly reduced the number of benign CNVs and other anomalies of unclear clinical significance that are otherwise detected [15] . Shaffer et al. [16] reported that 5.6% of cases showed clinically relevant abnormalities, with only 2.4% and 0.9% showing familial variants and unclear significance, respectively. A targeted BAC array might therefore be considered more applicable to clinical diagnosis.
Application of arrays to prenatal diagnosis requires great care because even the detection of a familial variant raises maternal anxiety. Therefore, ruling out insignificant CNVs and unclear results is critical. The MacArray™ M-chip is specially designed for prenatal screening of chromosomal abnormalities that should be detected in the second trimester of pregnancy. Because the array only contains 181 clones with characterized clinical relevance, we greatly reduced the uncertainty of results and also the cost burden on the patients. In this study, we readily detected 15 microdeletions and 7 aneuploidies in 132 reference materials purchased from the Coriell Cell Resource. However, we identified no CNVs or inconclusive alterations in any of those 132 reference materials (Additional file 2 table S2). All chromosomal abnormalities found by conventional cytogenetic analysis were also detected by the MacArray™ M-chip except for the apparently balanced structural abnormalities inv [9] and t [8, 11] . The MacArray™ M-chip could not identify aneuploidies of chromosomes 2, 3, 6, 8, 9, 10, 11, 12, 14, 16 and 19, which are rarely detected in amniocentesis. However, Additional clones for those chromosomes will be added in the next upgraded platform. Our platform also could not be used to detect triploidy. The array CGH platform is not appropriate for detecting polyploidy because it is difficult to separate polyploidy from systematic error (dye bias)
On the other hand, in eight prenatal cases, the MacAr-ray™ M-chip successfully identified the microdeletion on the long arm of Y chromosome (Yq11) that is considered to be associated with non-obstructive spermatogenic failure. Because this is a prenatal diagnostic chip, our purpose is not to detect the DAZ microdeletion prenatally. The DAZ1 probe represents Yq and was used to identify Y chromosome aneuploidies such as 47,XXY. Deletions in the Yq11 region are hard to distinguish from normal variations in routine cytogenetic analysis and are usually detected by polymerase chain reaction (PCR) using short tandem repeat (STR) markers. Four of the eight microdeletions were inherited from their fathers and the fetuses were fertilized by intracytoplasmic sperm injection (ICSI). The deletions in the fathers were identified by PCR prior to in vitro fertilization procedure (IVF). We did not perform a paternal Y deletion test in the other four cases, so we did not know whether the deletion was inherited. As shown in figure 2, deletions of Yq11 were confirmed by FISH in all eight cases. In this clinical application, we could detect only DAZ microdeletions in addition to anueploidies.
It would be better to extend this study to many more samples to explore the incidence of microdeletions and duplications for the given indications further. We plan to revise and upgrade the chip so that it will contain more BAC clones for microdeletion syndromes and subtelomeric regions for each chromosome. Of course, we will apply the chip to many more samples and extend its usage, and hence be able to discuss the benefits of array CGH screening in comparison to FISH and QF-PCR.
Conclusions
We have successfully designed and applied a BAC-based array CGH platform for prenatal diagnosis. Even though the MacArray™ M-chip contains a very limited number of clones, this system can provide a highly efficient and accurate method for the prenatal screening of chromosome aneuploidies and microdeletions, making it a clinically useful addition to conventional G-banded karyotyping. 
